Tissue-type plasminogen activator (tPA) is a major protease of the central nervous system. Most studies to date have used in situ-or gel-based zymographic assays to monitor in vivo changes in neural tPA activity. In this study, we demonstrate that the amidolytic assay can be adapted to accurately detect changes in net tPA activity in mouse brain tissues. Using the amidolytic assay, we examined differences in net tPA activity in the cerebral cortex, sub-cortical structures and cerebellum in wildtype (WT) and tPA À/À mice, and in transgenic mice selectively overexpressing tPA in neurons. In addition, we assessed changes in endogenous net tPA activity in WT mice following morphine administration, epileptic seizures, traumatic brain injury and ischaemic stroke-neurological settings in which tPA has a known functional role. Under these conditions, acute and compartment-specific regulation of tPA activity was observed. tPA also participates in various forms of chronic neurodegeneration. Accordingly, we assessed tPA activity levels in mouse models of Alzheimer's disease (AD) and spinocerebellar ataxia type-1 (SCA1). Decreased tPA activity was detected in the cortex and subcortex of AD mice, whereas increased tPA activity was found in the cerebellum of SCA1 mice. These findings extend the existing hypotheses that low tPA activity promotes AD, whereas increased tPA activity contributes to cerebellar degeneration. Collectively, our results exemplify the utility of the amidolytic assay and emphasise tPA as a complex mediator of brain function and dysfunction. On the basis of this evidence, we propose that alterations in tPA activity levels could be used as a biomarker for perturbations in brain homeostasis. KEYWORDS: alzheimer's disease; amidolytic assay; head trauma; morphine; seizure; spinocerebellar ataxia; stroke; tissue-type plasminogen activator Tissue-type plasminogen activator (tPA) and urokinase plasminogen activator (uPA) are the two main proteases responsible for cleaving the inactive plasminogen into active plasmin. tPA, although best known as an initiator of intravascular fibrinolysis, is also widely expressed in the central nervous system (CNS) in which it mediates numerous physiological (eg memory, reward and anxiety) and pathological (eg seizure and blood-brain barrier breakdown) processes.
Tissue-type plasminogen activator (tPA) and urokinase plasminogen activator (uPA) are the two main proteases responsible for cleaving the inactive plasminogen into active plasmin. tPA, although best known as an initiator of intravascular fibrinolysis, is also widely expressed in the central nervous system (CNS) in which it mediates numerous physiological (eg memory, reward and anxiety) and pathological (eg seizure and blood-brain barrier breakdown) processes. [1] [2] [3] Given these recognised neural roles for tPA, there is need for an efficient and sensitive assay to measure tPA activity in brain tissues. There are several existing methods for the detection of tPA activity, including zymographic, amidolytic, immunocapture/ELISA-based and clot lysis assays. Although all of these assays are optimised and routinely used for the detection of tPA activity in plasma and other bodily fluids, [4] [5] [6] [7] most studies to date have used only zymography to monitor the in vivo changes in tPA activity in the brain. In this study, we have used a fibrin-dependent amidolytic assay, used previously in other settings, 8 to rapidly quantitate changes in net tPA proteolytic activity in mouse brain tissues. The optimised amidolytic assay described in this study is preferentially suited to specifically quantitate tPA activity in mouse brain extracts.
By using this assay, we have quantified fluctuations in tPA activity during mouse models of opiate administration, electrically evoked (kindled) seizures, traumatic brain injury (TBI) and ischaemic stroke. Each of these conditions has been linked with changes in endogenous tPA expression. Following morphine administration, tPA activity levels were significantly increased in the cortex, but were reduced in the cerebellum. In contrast, seizure induction triggered a significant and global increase in tPA activity in all tested neural compartments. tPA activity levels were also altered in acute CNS injury paradigms. Cortical tPA activity was increased within the lesion following TBI, but unexpectedly decreased following an ischaemic stroke. Neither stroke nor TBI altered tPA activity levels in the cerebellum.
Further, we used the amidolytic assay to quantify changes in tPA activity in two models of chronic neurodegeneration: the APPswe/PS1dE9 mouse model of Alzheimer's disease (AD) and the 154Q/2Q knock-in mouse model of spinocerebellar ataxia type-1 (SCA1). Strengthening the association between suppressed tPA activity and increased amyloid burden, we found that tPA activity was decreased in the cortex and subcortex of young APPswe/PS1dE9 mice. Interestingly, opposite trends arise during cerebellar degeneration, with increased tPA activity present in the cerebella of mice that express a pathogenic form of Ataxin-1-the mutant protein responsible for SCA1. Increased tPA activity observed in three genetically distinct models of cerebellar degeneration 9, 10 suggests that high levels of tPA may causally contribute to cerebellar degeneration.
Although this study did not investigate the physiological or pathological consequences of these changes in tPA expression, that subtle and tight regulation of tPA activity occurred across such a wide variety of neurological situations highlights the complex and important neuromodulatory role of tPA in the CNS.
MATERIALS AND METHODS Materials
S2251 was from Chromogenix AB (Mölndal, Sweden). Human plasminogen and plasminogen-depleted human fibrinogen were from Calbiochem (Merck, Victoria, Australia). Cyanogen bromide-digested fibrinogen (CNBrfibrinogen) was from American Diagnostica (Stamford, CT, USA). Skim milk powder was from Diploma (Bonlac Foods, Melbourne, Australia). Morphine hydrochloride was from Glaxo Australia (Boronia, Australia).
Animals
All animal procedures were undertaken in accordance with the National Health and Medical Research Council Code of Practice for the Care and Use of Animals for Experimental Purposes in Australia. Experiments were performed with adult male mice on the C57/Bl6-J background aged 8-12 weeks (except for APPswe/PS1dE9 mice; see below), and approved by the appropriate Institutional Animal Ethics Committees. T4 mice are transgenic mice that constitutively produce increased levels of tPA in post-natal neurons. 11 tPA À/À mice 12 were obtained from a homozygote breeding line and backcrossed 13 generations. SCA1 and wild-type (WT) littermate mice 13 were obtained from a heterozygote breeding colony. APPswe/ PS1dE9 mice were obtained from Jackson Laboratory (#004462; Bar Harbor, ME, USA and bred at the Department of Pathology at the University of Melbourne; amyloid precursor protein (APP) gene containing the Swedish mutation and the presenilin (PS1) gene containing a deleted exon-9). These mice express the chimeric mouse/human variant. 14 
Extraction of Tissue from Naive Mice
Wild-type, tPA À/À and T4 transgenic mice were transcardially perfused with 30 ml phosphate-buffered saline (PBS), pH 7.4. Brains were removed and 2-mm coronal sections were prepared using a Mouse Brain Blocker (Kopf, Germany). The hippocampus, striatum, cortex and cerebellum were then dissected from these sections. Each compartment was weighed and homogenised to a final concentration of 150 mg of tissue/ml in PBS þ 1% Triton X-100.
Morphine Treatment
Wild-type mice were given a single intraperitoneal injection of morphine hydrochloride (dissolved in sterile 0.9% saline) at a dose of 20 mg/kg. Control mice were injected with the same volume of a sterile 0.9% saline solution. At 2-h post-administration, mice were anaesthetised with an intraperitoneal injection of 25% (w/v) urethane (3.3 g/kg), and then transcardially perfused with 30 ml of PBS, pH 7.4. The cortex, sub-cortical regions and cerebellum were then dissected out, weighed and homogenised to a final concentration of 150 mg/ml in PBS containing 1% Triton X-100.
Real-Time PCR Quantitative mRNA Analysis RNA was extracted from PBS-perfused brain tissue using the RNeasy Lipid Tissue kit (Qiagen, Germany). Complementary DNA was synthesised using 1 mg of RNA through a reverse transcription reaction (Superscript II, Invitrogen, USA). tPA transcript levels were determined by one-step qRT-polymerase chain reaction (PCR) assays using Brilliant II SYBR green qRT-PCR master mix (Stratagene) in a Mastercycler ep gradient S (Eppendorf, Germany) using the SYBR-green fluorescence quantification system (Biotools, Spain). The reactions were incubated in a 96-well optical plate at 951C for 10 min, followed by 40 cycles of 951C for 15 s and 601 for 10 min. The threshold cycle (Ct) is defined as the fractional cycle number at which the fluorescence passes the fixed threshold.
The primer sequences used were APRT Forward: 5 0 -GA CTCCTTCCGAGCTTCCATCC-3 0 and APRT Reverse: 5 0 -CC TGGAGTCTAGACCTGCGATG-3 0 ; tPA Forward: 5 0 -TGGC TCCGACCCATGCTCAGAA-3 0 and tPA Reverse: 5 0 -TCGCT GCAACTTCGGACAGGCA-3 0 .
Amygdala-Kindling Seizure Model
Surgical procedure Bipolar stimulating electrode implantation surgery was performed as previously described, 15 and modified for mice. Briefly, animals were anaesthetised by injection of a cocktail of ketamine (100 mg/kg) and xylazine (20 mg/kg), and positioned in a stereotaxic frame. A midline incision was made along the scalp, and three holes were drilled into the skull. Gold 'male' connector electrodes (Farnell In One, Chester Hill, Australia) previously soldered onto nickel alloy jeweller's screws were then screwed into the holes to serve as electroencephalogram (EEG) recording electrodes. Using stereotaxic guidance, a fourth hole was drilled into the skull, and a bipolar electrode (Plastics One, Roanoke, VA, USA) was inserted into the left basolateral amygdala complex (AP: À1.5 mm; ML: À3.5 mm relative to bregma; DV: À4 mm relative to the dura). Dental cement was applied to the skull to keep electrodes in place, and the skin then sutured around the headpiece. Mice were allowed to recover from surgery for at least 7 days before commencement of electrical kindling.
Electrical amygdala kindling
Following recovery, each mouse was randomised to receive electrical kindling stimulations or sham stimulations. For kindled mice, electrical stimulations were applied via the bipolar electrode using an Accupulser Pulse Generator/Stimulator (A310, World Precision Instruments, Sarasota, FL, USA) connected to a battery-operated, optically isolated, constant stimulus isolator (A360, World Precision Instruments). Stimulations were administered twice daily with at least 4 h in between stimulations. The stimulations consisted of a 1-s train of 1-ms biphasic square wave pulses at a frequency of 60 Hz with current intensity of 200 mA. Shamkindled animals were gently handled, and the stimulating cable attached to the head piece for 3 min twice daily. Electrical stimulation, resulting in behavioural seizures were measured on the EEG and scored behaviourally using the Racine scale. 16 Kindling persisted until each animal reached the 'fully kindled state' (ie five class V seizures). Once at this point, each kindled mouse was left undisturbed for 7 days. This delay was considered crucial to separate the acute shortterm effects of a seizure from the effects of seizures experienced in the preceding days.
Tissue harvest At 1 week after kindled mice reached the fully kindled state, each animal received a final electrical stimulation (or sham stimulation), and the seizure recorded on EEG and graded for behavioural class. At 4 h following this stimulation, animals were killed by lethal injection of pentabarb (63 mg/kg) and cardiac-perfused with PBS. The brains were then excised and the contralateral hippocampus, motor cortex and amygdala/piriform cortex regions dissected under a microscope, and processed as above.
Mouse Focal Cerebral Ischaemia Model
Wildtype mice were subjected to transient cerebral ischaemia induced by 2 h middle cerebral artery occlusion (MCAo) followed by 30 min reperfusion as previously described. 17 Mice were anaesthetised with urethane (3.3 g/kg), transcardially perfused with PBS, and the brain tissues dissected and homogenised as described above.
Controlled Cortical Impact (CCI) Model of Traumatic Brain Injury
The electromagnetic CCI device was assembled as described. 18 Following anaesthesia with 2,2 tribromoethanol (0.5 mg/kg) WT mice were placed in a stereotaxic frame (Kopf, Tujunga, CA). A surgical incision was made, the skull was exposed and a 3-mm diameter circular craniotomy was performed with a burr drill over the left parietal cortex, with the centre at coordinates AP ¼ À2.0, ML ¼ þ 2.0 from bregma. The impactor was positioned at an angle of 201 to the dural surface and adjusted until the tip was centred within the craniotomy. The impactor tip was slowly lowered until the tip just contacted the dura. The cortical impact was initiated through the graphical user interface of the software that controlled the CCI device. First, there was a retraction of the tip of 30 mm, and then a downward strike of 31 mm (velocity: 5 m/s; dwell time 150 ms), resulting in a mild to moderate TBI at an impact depth of 1 mm. The exposed site was then covered with bone wax, the scalp was sutured and the animals were allowed to recover on a 371C heat pad. At 3 h post-trauma, mice were anaesthetised with urethane (3.3 g/kg), transcardially perfused with PBS, and the brain tissues dissected and homogenised as described above.
In all experimental paradigms, homogenisation of 150 mg brain tissue per ml PBS-Triton X-100 consistently produced lysates of 0.25 mg of protein per ml as determined by ThermoFisher Scientific BCA assay (data not shown).
Alzheimer's Disease (APPswe/PS1dE9) Mice APPswe/PS1dE9 mice (4-week-old male) and their littermate controls were anaesthetised with urethane (3.3 g/kg), and brain tissues dissected and homogenised as described above. Note, because of animal procedure restrictions, the APPswe/ PS1dE9 mice and their littermate controls were not transcardially perfused with PBS before tissue collection.
Spinocerebellar Ataxia Type-1 Mice
Male SCA-1 mice and their littermate controls were killed by CO 2 inhalation, and the brain tissues dissected and homogenised as described above. Note, because of animal procedure restrictions, the SCA1 mice and their littermate controls were not transcardially perfused with PBS before collecting tissues.
Amidolytic Assay for Mouse Brain-derived tPA This method was based on the amidolytic assay initially described by, 8 with modifications for the optimal detection of tPA in mouse brain extracts. Mouse brain lysates were centrifuged at 13 000 g for 2 min at 41C to pellet cellular debris (use of lysates with no previous centrifugation provided data with identical trends but greater variance; data not shown). A volume of 20 ml of supernatant was transferred to an icecooled 96-well plate to which S2251 and CNBr-fibrinogen were added to final concentrations of 2 mM and 0.1 mg/ml, respectively. Plasminogen was then added to a final concentration of 0.5 mM and the reactions were made up to a final volume of 70 ml in PBS. Mineral oil was then placed on the top of every well. Absorbance at l ¼ 405 nm was measured every 2 min for 6-8 h at 371C using a fluorescence plate reader (BMG Fluostar Optima). As previously described, 19 second-order polynomial equations were best-fitted to each 'absorbance at l ¼ 405 nm vs time' curve using GraphPad Prism Version 4.03 software. The second-order coefficient of each best-fit polynomial equation was taken as half the initial rate of the amidolytic assay.
Polyacrylamide Gel Electrophoresis (PAGE)-based Fibrin Zymography
Sodium dodecyl sulphate (SDS)-PAGE-based fibrin zymography was performed as described. 4 In brief, 10 ml of mouse brain lysates (at 150 mg of tissue/ml) were subjected to nonreduced SDS-PAGE. After electrophoresis, gels were washed in 2.5% Triton X-100 for 1.5 h, then placed on top of a fibrin/ agarose:plasminogen matrix and incubated in a humidified 371C oven until lytic zones were evident. Images were captured at various incubation times using a flatbed document scanner.
Well-based Fibrin Zymography
Five microlitres of mouse brain lysates (at 150 mg of tissue/ ml) were added directly to wells (B4 mm diameter) punched from a fibrin/agarose:plasminogen matrix prepared as described above. Gels were then incubated in a humidified 371C oven until lytic zones were evident. Images were captured at various incubation times using a flatbed document scanner.
In situ Zymography
In situ zymography was performed as described. 20 In brief, mice were anaesthetised with urethane (3.3 g/kg), transcardially perfused with ice-cold PBS, following which their brains removed, frozen, and 20 or 40 mm sections prepared using a cryostat. The overlay mixture (10 mM Tris-HCl, pH 7.4, 1% (w/v) low-melt agarose, 4% boiled skim milk, 0.1% Triton X-100 and 12.5 mg/ml plasminogen) was prepared at 501C and 400 ml was applied evenly onto pre-warmed brain sections on glass slides and glass coverslips added. The slides were incubated for 4-12 h in a humidified 371C oven until lytic zones were evident. Images were captured under darkfield illumination using an upright Olympus BX50 light microscope (PlanAPO air objective, Â 1.25 magnification, numerical aperture 0.04) equipped with a digital camera.
Immunoblotting
Samples were boiled in SDS-loading buffer with dithiothreitol, subjected to SDS-PAGE and transferred onto polyvinylidene fluoride membranes. Membranes were probed with primary antibodies (sheep anti-mouse neuroserpin (gift from Prof Daniel A Lawrence; Ann Arbor, MI, USA); rabbit anti-mouse PAI-1 (gift from Prof Daniel A Lawrence); '4B3' mouse anti-rat PN-1 (gift from Prof Denis Monard; Basel, Switzerland); W02 mouse anti-human b1-16 21 to detect APP, mouse tubulin (Sigma T0198) and mouse anti-GAPDH (Millipore MAB374) followed by the appropriate HRPconjugated secondary antibody. Signals were revealed by chemiluminescence (ThermoScientific).
Statistical Analyses
The Student's t-test was used to compare rates of plasminogen activation in Figures 1-4 , 5a, 6 and 7. One-way AN-OVA with Newman-Keul's post-hoc analysis was used to compare rates of plasminogen activation in Figure 5c and Supplementary Figure S2 .
RESULTS

Amidolytic Assay
Our main objective was to harness a previously described amidolytic assay 8 to enable the accurate determination of net tPA activity in mouse brain extracts. Accordingly, we quantified tPA-mediated plasminogen activation in brain tissue extracted from WT, T4 transgenic mice and tPA À/À mice to determine the reliability, sensitivity and reproducibility of the amidolytic assay. In these experiments, we have expressed the Changes in tPA after CNS injury or stimulation M Sashindranath et al rate of change in S2251 hydrolysis (as determined by changes in OD 405 nm ) in the presence of CNBr-fibrinogen over time as the 'best-fit second-order coefficient' . As shown in Figure 1a , the change in OD 405 nm followed a sigmoidal curve. To derive the amidolytic assay rates from these curves, the first B20 min of the reaction and all values above the inflexion Changes in tPA after CNS injury or stimulation M Sashindranath et al point were excluded as this was found to result in a line of best-fit that better approximated the raw data. A secondorder polynomial equation (ie a þ bx þ cx 2 ¼ y) was bestfitted to the remaining data using nonlinear regression analysis, in which the second-degree coefficient 'c' equates to half the rate of the amidolytic assay. The absence of plasminogen activation in the samples from tPA À/À mice demonstrates that tPA is the predominant plasminogen activator present in these brain lysates (Figure 1a) . SDS-PAGE-based fibrin zymography of cortical lysates from T4, WT and tPA À/À mice (Figure 1b ) also confirmed that tPA is the main plasminogen activator in the mouse brain as urokinase (urokinase plasminogen activator; B47 kD) was not detected upon incubation times shorter than 24 h. Figure 1a also shows that changes in the rate of the amidolytic assay correspond to changes in tPA levels in mouse brain lysates. By applying this amidolytic assay to quantitate tPA activity in a 1:2 dilution series of cortical extracts obtained from a T4 mouse, we were able to determine a relationship between relative tPA activity and the rate of the amidolytic assay (Supplementary Figure  S1) . This relationship followed a two-phase exponential curve with the equation y ¼ 546.5(1À10 (À181612*x) ) À11.13(1À10 (À6700000*x) ), where x is the rate of plasminogen activation and y is the dilution factor (in %) of the T4 cortical lysate (Supplementary Figure S1) . A ratio of the calculated y values provides a fold-change in tPA activity. For example, Figure 1d shows the best-fit second-order coefficient, or rate of the amidolytic assay and Figure 1e shows fold-changes in tPA activity that were derived from Figure 1d . In all subsequent figures, both the 'best-fit second-order coefficient' and the derived 'fold-change in tPA activity' are presented in different panels.
Quantitation of the amidolytic assay shows tPA activity in the T4 mice was increased by a factor of 17.7, 11.8 and 4.8 in the cortex, sub-cortical structures and cerebellum, respectively, compared with litter-matched WT mice (Figure 1e ). The compartmental differences in tPA overexpression in the T4 mice most likely reflects the relative potency of the Thy1.2 promoter, which drives strong expression in the hippocampus and cortex and weaker expression in the cerebellum (using Allen's on-line brain atlas software v.1.4.2; not shown).
We were also able to use the amidolytic assay to assess net tPA activity in various brain compartments in naive WT C57Bl6 mice, and found that tPA activity is the highest in the cortex (relative to the hippocampus, striatum and cerebellum; Supplementary Figure S2) . We next performed in situ zymography on sagittal brain sections from T4, WT and tPA À/À mice ( Figure 1c ). As expected, high tPA activity levels were evident in the cerebellar cortex, the hippocampus (CA3 and dentate gyrus), the amygdala and the pallidum ( Figure  1c) , with lower activity evident in the substantia nigra of WT mice. Prominent tPA activity was also observed in the pial vessels and meningeal membranes. tPA activity levels were significantly elevated in all neural structures in T4 mice, most notably in the CA1 and CA2 regions of the hippocampus, the amygdala, the nucleus accumbens and the piriform areas of the cerebral cortex (Figure 1c) . In situ zymography on the tPA À/À mouse brain revealed no zones of lysis (Figure 1c ), again emphasising that tPA is the predominant plasminogen activator of the murine CNS.
When comparing the amidolytic assay with SDS-PAGEand in situ zymography, it was apparent that each assay was capable of detecting tPA in the mouse brain, however, the amidolytic assay was more sensitive and showed markedly better resolution (compare Figure 1e with Supplementary Figure S3 ). For instance, whereas the amidolytic assay detected a B18-fold difference in tPA activity between the cortex of T4 and WT mice, SDS-PAGE-based fibrin zymography detected a Bthreefold different and well-based fibrin zymography only a Btwofold difference (compare Figure 1e with Supplementary Figure S3) .
As exemplified in Supplementary Figure S1 , we were able to detect tPA activity even when T4 cortical lysates were diluted to 0.05% of their original protein concentration, which was below the detection limit of the zymographic assays under the conditions used (data not shown). Moreover, the high throughput and quantitative nature of the amidolytic assay renders it as an attractive method for detecting tPA levels in the brain.
To demonstrate the utility of the amidolytic assay, we measured changes in tPA activity across numerous neurological situations in which tPA-mediated proteolysis has a functional bearing: opiate administration (Figure 2 ), electrically evoked seizure (Figure 3 
Changes in Brain-derived tPA Activity In vivo Following CNS Stimulation
Administration of morphine for 2 h caused tPA activity to increase by 10% in the cortex and 23% in the underlying subcortical structures (Figure 2 ). Our findings are consistent with those of Nagai et al 22 who used SDS-PAGE-based zymography to show that subcutaneous administration of morphine increased tPA activity in numerous compartments of the mouse brain at a similar time point. 22 Interestingly, we observed that the single injection of morphine caused tPA activity in the cerebellum to decrease by approximately 27% compared with saline-treated controls (Figure 2 ). Using realtime PCR reaction, we also demonstrated that tPA mRNA levels followed a similar trend and were marginally higher in the cortex, significantly increased in the sub-cortical structures (Po0.05) and lower in the cerebellum (Supplementary Figure S4) . Hence, morphine-induced changes in tPA activity were largely mirrored by changes in tPA mRNA abundance, suggesting a direct effect of morphine on tPA gene expression.
As another model of acute CNS stimulation, we induced seizures in WT mice using the amygdala-kindling model (Figure 3) . tPA has been shown to be upregulated following seizure in rats 23 and also implicated in seizure propagation. 24 Changes in tPA after CNS injury or stimulation M Sashindranath et al For our seizure experiments, the final electrical stimulation induced convulsive seizures with secondary generalisation in all mice (class IV/V), and lasted an average of 36.9 ± 4 s (mean±s.e.m.), as measured by review of EEG. At 4 h after this seizure, the amidolytic assay showed a 73, 107 and 135% increase in the motor cortex, hippocampus and amygdala/ piriform cortex, respectively, (Figure 3) . Notably, unlike the other scenarios used in this study, seizure induction caused a global, rather than a compartment-specific increase in tPA activity.
Changes in Endogenous Brain-derived tPA Activity Following Acute CNS Injury
We next analysed tPA activity levels in mice that had been subjected to transient focal cerebral ischaemia, whereby unilateral ischaemia was induced by MCAo for 2 h followed by a 30 min period of reperfusion. As shown in Figure 4 , compared with the uninjured contralateral cortex, a 27.5% reduction in net tPA activity was observed in the ipsilateral cortex. The same trend was observed in the sub-cortical structures (a nonsignificant 15% reduction), whereas tPA activity was unaltered in the cerebellum following MCAo (Figure 4) . We also assessed changes in tPA activity using the controlled cortical impact model of TBI as another form of acute cerebral injury. Interestingly, at 1 and 3 h after TBI in WT mice, tPA activity levels in the ipsilateral cortex increased by 28-29% relative to the contralateral cortex, but returned to control levels by 24 h after injury (Figures 5c and d) . No increases in tPA activity were observed in the ipsilateral cortex of sham-operated animals (Figures 5c and d) . As expected, no increases in tPA were observed in the sub-cortical structures or cerebellum following trauma (Figures 5a and b) .
Alteration in Endogenous Brain-derived tPA Activity in Chronic Neurodegenerative Diseases
Having assessed several acute models of CNS injury, we next wanted to quantitate tPA activity levels in a chronic neurodegenerative model of AD. Accordingly, we obtained brain tissue homogenates from 4-week-old APPswe/PS1dE9 male mice and litter-and age-matched WT mice. 14 The amidolytic assay revealed a 15 and 26% decrease in tPA activity in the Finally assessment of net tPA activity in brain tissue homogenates obtained from 8-to 9-week-old SCA1 mice and litter-and age-matched WT mice revealed a 34% increase in cortical tPA activity levels in SCA1 mice (Figure 7) . Although tPA activity levels in the sub-cortical structures were unaffected by SCA1, cerebellar net tPA activity was increased by 23% in the SCA1 mice (Figure 7 ). In line with our results, a microarray showed elevated tPA mRNA levels in the cerebellum of SCA1 mice at 4 and 12 weeks of age (GEO accession # GDS1756). Importantly, the elevation in cerebellar net tPA activity in SCA1 mice coincides with reduced motor function as determined by rotarod analysis. 13 
DISCUSSION
There are several well-established methods for the detection of endogenous tPA activity. To date, the vast majority of researchers have used zymography to detect in vivo changes in tPA activity in brain tissues; although others have used S2251 amidolytic assays to measure in vivo changes in tPA activity. 9, [26] [27] [28] In this study we show that this amidolytic assay, long-used as a sensitive and specific means to detect tPA in biological fluids such as plasma, 6, 8 is also useful for determining in vivo changes in net tPA activity in mouse brain tissue when tested in the presence of its cofactor, fibrin.
The amidolytic assay offers numerous advantages over zymography. For instance, whereas zymographic methods are semi-quantitative, the amidolytic assay is fully quantitative over a 250-fold dilution range (Supplementary Figure S1) . In addition, the resolution of the amidolytic assay is far superior to that of zymographic techniques (compare Figure 1 with Supplementary Figure S3) . The amidolytic assay is also exquisitely sensitive and can detect low attomole amounts of tPA (data not shown). Furthermore, the assay is rapid and can be completed within 6 h. The multiwell plate format of the amidolytic assay also offers considerably higher throughput than zymographic procedures. Mouse brain tissue is well-suited for the amidolytic assay as tPA is far more abundant in the brain than urokinase plasminogen activator. 29 Furthermore, the presence of CNBrfibrinogen accelerates tPA-mediated plasminogen activation more significantly than urokinase plasminogen activatormediated plasminogen activation. 30 The amidolytic assay, although lacking the ability to resolve activity in fine tissue locales, can provide information on net tPA activity within specific dissectible neural compartments in mice, and shows that tPA activity is significantly higher in the cortex when compared with the underlying sub-cortical structures and the cerebellum (Supplementary Figure S2) .
One important aspect of the described amidolytic assay is that the relationship between tPA activity and the rate of the amidolytic assay is not linear, but rather follows a two-phase exponential association (Supplementary Figure S1) . Because of this nonlinear association, the amidolytic assay should not be used as an end-point assay. Instead, we have used the equation: y ¼ 546.5(1À10 (À181612*x) ) À11.13(1À10 (À6700000*x) ) (where x ¼ rate of plasminogen activation and y ¼ dilution in %) to convert experimentally derived changes in the 'rate of the amidolytic assay' into approximate 'fold-change in tPA activity'.
In keeping with tPA having a variety of neuromodulatory roles, our studies clearly show that tPA activity in the CNS is regulated in a compartment-specific and context-dependent manner. For example, systemic morphine administration elicited a 10% increase in cortical tPA activity levels and a 27% decrease in cerebellar tPA activity levels (Figure 2) . The Changes in tPA after CNS injury or stimulation M Sashindranath et al downregulation of cerebellar tPA activity following morphine administration was unexpected given that morphine has previously been shown to upregulate tPA levels in the nucleus accumbens, striatum and limbic system. 22 Furthermore, tPA activity in the nucleus accumbens is involved in the rewarding and locomotor-stimulating effects of morphine. 22 Notably, morphine has recently been identified as an endogenous neuromodulator in the mouse cerebellum, in which GABAergic basket cells release morphine onto the m-opioid receptors of Purkinje neurons. 31 We hypothesise that intense activation of Purkinje neurons by exogenous morphine results in the sharp suppression of net tPA activity in the cerebellum. How this downregulation of cerebellar tPA activity influences the behavioural effects of morphine abuse is a topic for future studies.
Seizure activity induced by either chemical or electrical stimulation is recognised to upregulate tPA mRNA in hippocampus, 23 and contributes to seizure propagation throughout brain regions via a plasmin-independent pathway. 24 Further, tPA has been demonstrated to be upregulated in brain tissue from human epilepsy patients, 32 suggesting a possible role in the epileptic disease state. Studies using tPA À/À mice have also demonstrated that tPA contributes to pathological synaptic plasticity associated with epilepsy, including chemoconvulsant-induced pyramidal cell death 33 and mossy fibre sprouting. 34 In this study, we show that tPA enzyme activity is upregulated in limbic and cortical areas of the contralateral hemisphere at 4 h following electrically evoked seizures (Figure 3) . Notably, one study documents a decrease in tPA activity at 24 h post-seizure. 35 Our study, however, is consistent with the reports that demonstrate increased tPA gene transcription and increased tPA enzyme activity following seizure.
Investigation into the regulation of tPA activity following acute cerebral injuries also provided unanticipated findings. Although the primary cause of TBI and stroke are vastly different, the secondary mechanisms of brain infarction are overlapping. In particular, excitotoxicity, inflammation, free radical damage and blood-brain barrier breakdown are hallmarks of both TBI and stroke. Moreover, endogenous tPA worsens infarction following both TBI and stroke. 36, 37 On the basis of these commonalities, we predicted that endogenous tPA activity would be regulated in a similar manner during both stroke and TBI.
However, although cortical net tPA activity increased by 29% following TBI ( Figure 5 ), a 26% decrease in tPA activity was observed following MCAo ( Figure 4) . We also observed that the increase in tPA activity after TBI was an acute phenomenon, commencing as early as 1 h post-injury and persisting till 3 h, but returning to baseline levels at 24 h postinjury. Our findings extend previous studies that document an increase in tPA antigen in the cerebrospinal fluid of pigs within 60 min after TBI, 38 an increase in tPA antigen in brain tissue from human TBI autopsy samples 39 and an increase in tPA mRNA in the rodent cortex at 4 h after TBI (GEO accession # GDS2850 and GDS2851; 40 ). For MCAo, previous studies have used semi-quantitative SDS-PAGE-based zymography to assess changes in cerebral tPA activity post-MCAo. [41] [42] [43] [44] For instance, Hamann et al 41 found no change in tPA activity in the ischaemic cortex, whereas Yepes et al 42 found that cerebral tPA activity increased 6 h after MCAo. Our findings match those of Rosenberg et al, 43 in which fibrin zymography was used to show that ipsilateral tPA activity decreased following MCAo in rats. The mechanism by which tPA activity is reduced in the lesion following MCAo was not explored in this study. The reasons for such diametric regulation of tPA activity in TBI and stroke remains unclear, but again highlights the fact that the neural roles of tPA are complex. The tPA/plasmin system has long been hypothesised to be a physiological clearance mechanism for b-amyloid. 45, 46 In support of this notion, previous studies that used SDS-PAGE-based zymography have reported decreased cerebral tPA/plasmin activity in brains of human patients with AD. [47] [48] [49] A downregulation of tPA activity is also evident in mouse models of AD, with several studies attributing the suppression of tPA activity to an increase in the expression of serine protease inhibitors. 25, 48, 50 Although we also show a decrease in tPA activity in the AD mouse brain, no obvious increases in the expression of the major inhibitors of tPA including PAI-1, PN-1 or neuroserpin was observed (Figure 6c ). This dissimilarity may be because of the especially young age of the AD mice used in our study, as increases in PAI-1 levels 25 and decreases in tPA expression 51 arise at later stages in development. The suppression of tPA activity in APPswe/PS1dE9 mice at 4 weeks of age ( Figure 6 ) is of particular interest, as plaques and other hallmarks of AD do not appear in these mice until approximately 4 months of age. 52, 53 To our knowledge, this is the earliest stage of development at which suppressed tPA activity has been shown in a mouse model of AD, and further implicates low tPA levels in the progression of AD.
The final situation where we assessed net tPA activity was that of cerebellar degeneration. It has previously been shown that elevated tPA activity precedes cerebellar degeneration in Lurcher mice and Nervous mice-two unrelated models of cerebellar dysfunction. 9, 10 Experimental evidence from both of these models led to the postulate that high levels of tPA activity promote cerebellar degeneration. Accordingly, we measured tPA activity levels in transgenic SCA1 mice. SCA1 is an autosomal dominant form of spinocerebellar degeneration. 54 The transgenic SCA1 mice used in our study develop many of the neurological and histological signs of the human disorder including ataxia, Purkinje neuron loss and nuclear inclusion formation. 13 At 8 weeks of age, before the onset of Purkinje neuron loss but coincident with motor dysfunction, 13 we observed that net tPA activity was 23% higher in the cerebellum of SCA1 mice, relative to their littermate controls (Figure 7) . This is the first documentation of cerebellar tPA activity levels being increased in a model of human cerebellar degeneration and supports the theory that elevated tPA activity levels promote cerebellar degeneration. Curiously, increased levels of tPA were also detected in the cortex of SCA1 transgenic mice (Figure 7 ). The cortex of SCA1 mice displays no significant signs of degeneration, despite prominent SCA1 transgene expression in the cerebral cortical neurons. 13 These observations raise the possibility that: (1) elevated net tPA activity is not the result of cell injury but is instead likely due to the presence of pathological SCA1 protein, and/or (2) the putative detrimental influence of high tPA activity may be restricted to the cerebellum in SCA1 mice. If high levels of tPA do indeed contribute to cerebellar degeneration, then the T4 transgenic mice would also be expected to display signs of cerebellar stress such as motor incoordination and Purkinje neuron loss. This hypothesis is currently being tested.
In conclusion, we have harnessed the previously described fibrin-accelerated amidolytic assay to quantify in vivo changes in mouse brain-derived tPA activity. Using this amidolytic assay, rapid and differential regulation of tPA activity was observed in mice between the cortex and cerebellum following systemic morphine administration. Rapid, diametric regulation of tPA activity was also observed in the cortex following TBI and stroke. Notably, severe epileptic seizure was the only setting in which a global change in brain tPA activity was observed. Thus, on the basis of the elevated cerebellar tPA activity in SCA1 transgenic mice, we hypothesise that high net tPA activity contributes to cerebellar dysfunction. This study highlights that a tight and contextdependent regulation underlies the complex neurological roles of tPA. On the basis of this exquisite regulation, we also speculate that alterations in neural net tPA activity levels could be used as a biomarker for perturbations in brain stasis.
